[1] Gas is trapped in polar ice at depths of $50-120 m and is therefore significantly younger than the ice in which it is embedded. The age difference is not well constrained for slowly accumulating ice on the East Antarctic Plateau, introducing a significant uncertainty into chronologies of the oldest deep ice cores (Vostok, Dome Fuji, and Dome C). We recorrelate the gas records of Vostok and Greenland Ice Sheet Project 2 (GISP2) cores in part on the basis of new CH 4 data and use these records to construct six Vostok chronologies that use different assumptions to calculate gas age-ice age differences. We then evaluate these chronologies by comparing times of climate events at Vostok with correlative events in the well-dated Byrd ice core (West Antarctica). From this evaluation we identify two leading chronologies for the Vostok core that are based on recent models of firn temperature, firn densification, and thinning of upstream ice. One chronology involves calculating gas age-ice age differences from these models. The second, new, approach involves calculating ice depths in the core that are contemporaneous with depths in the same ice core whose gas ages are well constrained. This latter approach circumvents problems associated with highly uncertain accumulation rates in the Vostok core. The uncertainty in Vostok chronologies derived by correlating into the GISP2 gas record remains about ±1 kyr, and high-precision correlations continue to be difficult.
Introduction
[2] Ice cores record environmentally significant properties both in the gas phase and the ice phase. Properties recorded in the ice include aerosols content and the isotopic composition of precipitation. Properties registered in the gas phase include the concentration and isotopic composition of biogenic greenhouse gases. Gases are trapped $50-120 m below the surface, where the ice is compressed to a density of about 0.82 gm cm À3 (density of pure ice = 0.917). Firn is openly porous and permeable down to the trapping depth. Air mixes rapidly to this depth, and trapped air is younger than the enclosing ice.
[3] Examining the timing of environmental changes recorded in ice and in trapped gas requires correcting for the age difference in the two phases. In the case of slowly accumulating East Antarctic ice cores, this difference is very large, up to 7 kyr during glacial periods, and the timing of climate changes recorded in the two phases will not be accurate unless the gas age-ice age difference can be well constrained. The gas age -ice age difference (Dage) is usually computed from estimates of surface temperature, accumulation rate, and an empirical or mechanistic model that expresses close-off depth and Dage in terms of these properties [e.g., Herron and Langway, 1980] . This approach works very well in high-accumulation-rate sites where it has been tested, notably in central Greenland [Goujon et al., 2003] . However, there is a problem concerning East Antarctica. A property of firn related to the close-off depth is registered in the d 15 N of trapped N 2 . The registration mechanism is gravitational fractionation, which causes heavy isotopes and gases to be enriched at a specified rate with depth [Craig et al., 1988; Schwander, 1989; Sowers et al., 1989] (Figure 1 ). The problem is that the 15 N enrichment in glacial samples is up to 1/3 less than predicted by the empirical and mechanistic models of densification [Sowers et al., 1992; Blunier et al., 2004; Kawamura, 2000] (Figure 2 ). If close-off depth is correctly recorded by d 15 N, the models overestimate Dage by up to 2 kyr during glacial times. We can recognize two possible sources of error in model estimates of Dage: the model representation of the physical mechanisms leading to firn metamorphism and bubble close-off, and the temperature and accumulation histories used to drive the models. Resolving the discrepancy between the model and empirical estimates of Dage is important for accurately characterizing phasing of climate changes in different geographic regions, as well as for determining the phasing of climate events recorded in the gas and ice of a single core (e.g., deglacial CO 2 rise and East Antarctica warming). With the advent of a magnificent new ice core record from East Antarctica extending back to about 800 ka [EPICA, 2004] , resolving this problem has become particularly important.
[4] Models of firn densification and close-off either are completely empirical [e.g., Herron and Langway, 1980] or are mechanistic but tuned to/validated by observations [e.g., Arnaud et al., 2000] . In principle, one could test the applicability of these models to conditions of the last ice age on East Antarctica by examining densification at modern sites with extremely low temperatures and accumulation rates characteristic of glacial periods. However, no such modern sites have been studied. In the absence of such data, there are two contradictory lines of evidence bearing on the question of whether the densification models or d 15 N of N 2 gives a more accurate estimate of close-off age. Studies of d 15 N of N 2 in firn air, summarized below, show that shallow convection is minimal at most modern sites: today, therefore, d
15 N generally gives an accurate measure of the close-off depth. On the other hand, densification models capture the compelling systematic increase in close-off depth as temperatures fall [e.g., Herron and Langway, 1980] . One expects that this trend will continue such that the close-off depth will deepen during glacial times rather than become shallower. Further support for the densification models comes from the work of Caillon et al. [2003] , who showed that these models successfully predict depths where gravitational enrichments would begin changing during glacial termination 3 at Vostok, if the convective zone thickness were monotonically related to surface temperature.
[5] In this paper we first present two new firn air profiles. We use these results, together with data from the literature, to assess the extent of shallow convection. Shallow convection would diminish the d 15 N enrichment, which is manifested only where convection is absent and molecular diffusion can establish isotopic gradients, but would not change the close-off depth. In addition, we recorrelate the gas records of the Greenland Ice Sheet Project 2 (GISP2) and Vostok ice cores. This correlation uses 17 control depths, based on the d 18 O of O 2 or the methane concentration, at which the gas age of Vostok is taken to be the same as the gas age of GISP2. We then derive three Vostok ice chronologies by calculating ice ages at the control points from gas age -ice age differences computed in three recent studies. We assign ice ages between control points assuming that relative accumulation rates in each interval vary according to the Vostok GT4 chronology [Petit et al., 1999] . We also present a new approach to calculating correlation chronologies based on the correlation of control depths. This approach starts by estimating the close-off depth at each gas control depth either from d 15 N of N 2 , or from a densification model. For each gas control depth, we calculate the depth of contemporaneous ice, on the basis of the calculated close-off depth, the average density of the firn column, and the degree to which ice has been thinned at the control depth. Again, we interpolate between ice age control points on the basis of the relative accumulation rates of the GT4 chronology.
[6] We evaluate these approaches by identifying 19 depths in the Vostok ice core marked by distinctive climate events (Figure 3 ). Of these 19 points, we identify 15 at which common features appear to be present in the isotopic temperature records of the Vostok and Byrd ice cores. For each Vostok chronology we calculate the mean and standard deviation between ages of temperature features recorded in the two cores. Byrd, with small, wellconstrained gas age -ice age differences, has been well correlated to GISP2, and we take its chronology as a reference [Blunier and Brook, 2001] . The degree of agreement with Byrd indicates the accuracy with which each approach constrains the gas age -ice age difference or close-off depth. In this approach, we are implicitly assuming that gas age -ice age differences at Byrd are correctly calculated. Two facts justify this assumption. First, Dage values at Byrd are modest (<1.5 kyr), and are unlikely to have large errors. Second, glacial conditions at Byrd fall within the range of temperatures and accumulation rates at which current day close-off has been characterized.
Firn Air Studies
[7] Studies of the composition of air in polar firn were pioneered by Schwander et al. [1993] . Samples are acquired by drilling a hole to the shallowest sampling depth, sealing the bottom of the hole by lowering a long rubber bladder and inflating it against the sides, and pumping air through nylon tubing inside the bladder to sampling flasks at the surface [Schwander et al., 1993] . We sampled firn air at GISP2 (72°36 0 N, 38°30 0 W) and Taylor Dome (77°47.78 0 N, 158°43.43 0 E, 2365 m elevation) using the method of Schwander et al. as modified by Battle et al. [1996] . GISP2 is located at the Summit site, central Greenland. Taylor Dome is located in the Dry Valleys region, Antarctica. In Figure 1 , d 15 N of N 2 is plotted versus depth for these two previously unpublished firn air profiles.
[8] The d 15 N data allow one to define three zones of the firn, characterized by different modes of transport [Sowers et al., 1992] . The shallowest is the convective zone, where O ice for GISP2, and dD (per mil) for Vostok plotted versus age. The GISP2 chronology is the standard Meese-Sowers chronology [Meese et al., 1997] , and the Byrd chronology is derived by correlation to GISP2 using the CH 4 stratigraphy [Brook et al., 1999; Blunier and Brook, 2001] . The Vostok chronologies are derived as explained in the text and in Table 3 air is rapidly mixed by convection, and chemical and isotopic gradients are absent. Below is the diffusive zone, where convection is absent and gas transport proceeds only by atomic/molecular diffusion. In this zone, heavier gases and isotopes are enriched according to the barometric equation [Craig et al., 1988; Schwander, 1989] 
where Dm is the mass difference between [9] Figure 1 shows the expected d 15 N increase with depth in the nondiffusive zone (clearest at Taylor Dome), and constant values in the lock-in zone (clearest at GISP2). GISP2 shows a shallow maximum in the upper 10 m, followed by a minimum around 20 m depth. This pattern reflects thermal fractionation, in which heavy isotopes are concentrated at the cold end of the temperature gradient in the firn that results from warm surface temperatures during the summertime sampling periods [Severinghaus et al., 2001] . Because of seasonal thermal effects, the thickness of the convective zone is best diagnosed by fitting a line with the theoretical slope through the points in the nondiffusive zone (the slope, d
15 N/dz, is calculated from equation (1)). The thickness of the convection zone is then the x-axis intercept of this line. The derived value depends on the choice of data points. For GISP2, it is $2 m, and for Taylor Dome, $0, according to the lines in the figure.
[10] Thin or zero convection zones have been diagnosed at most other firn air study sites. On the basis of d 15 N, the convection zone was deduced to be 2 -4 m at H72 [Kawamura, 2000] , 4 m at Law Dome [Trudinger et al., 2002] , $5 m at Tunu (Greenland) and Siple Dome [Butler et al., 1999] , and zero at South Pole [Battle et al., 1996] . In addition, recent studies also using d 15 N find shallow convection zones at Dome C (2 m), BAS Depot in Dronning Maud Land (<5 m), Berkner Island (2 m) [Landais et al., 2006] , and North GRIP (1 m) . Thus convection is clearly minimal at most sites, and d 15 N of trapped gases faithfully records the depth of gas lock-in.
[11] Four sites are important exceptions to this generalization, and three are located in the region of slow accumulation on the East Antarctic Plateau. The d 15 N profiles show that the convective zone is 13 m thick at Vostok [Bender et al., 1994] , 8-10 m thick at Dome Fuji [Kawamura, 2000] , and $20 m thick at the Megadunes site [Severinghaus et al., 2004] . Although the convective zone is small at Dome C [Landais et al., 2006] , it appears that the slow rates of accumulation and extremely cold temperatures of the East Antarctic Plateau may be conducive to thick convective zones. A surprise is the rapidly accumulating Antarctic site YM85, where the convection zone extends to 11 m . It is plausible that convection would have been deeper during the last ice age, when temperatures were colder and accumulation was lower. Nevertheless, it is difficult to imagine convection down to 40 m below surface [Caillon et al., 2003; Blunier et al., 2004] Chappellaz et al. [1997] using an automated extraction line allowing analysis of 11 samples at a time. The line has a lower blank correction than the manual extraction line, 11.6 ± 5.0 ppb. The overall analytical uncertainty (blank + chromatography) is ±10 ppb (1s). Results are summarized in Table 1 . The samples, from 845 to 1180 m depth, span the age range from about 50 to 80 ka, and greatly improve the correlation of Vostok and GISP2 in this time frame.
Correlating the Vostok and GISP2 Gas Records
[13] We use the correlations of the Vostok gas record to GISP2 based on CH 4 [Blunier et al., 1998; Blunier and Brook, 2001] ] to derive gas chronologies for Vostok. Control points for CH 4 are based on published data [Brook et al., 1996; Blunier and Brook, 2001; Petit et al., 1999; Delmotte et al., 2004] supplemented by new results reported here (Table 1) . Gas age correlation points between Vostok and GISP2 (Figure 4) , derived from these CH 4 records, are listed in Table 2 . The d 18 O atm correlation points, also listed in Table 2 , are as given by Bender et al. [1999] with one exception. The d 18 O atm control point at 47.6 ka (788 m depth at Vostok) represents only a small minimum, and is therefore highly uncertain. It is incompatible with the new CH 4 control point at 719 m depth (45.7 ka), and is eliminated.
[14] We then use these gas chronologies to derive 6 ice chronologies for Vostok (Table 3) . For each chronology we calculate an ice control point corresponding to each gas control point. We then derive a continuous timescale by interpolating between ice control points on the basis of the relative age-depth scale of the GT4 chronology [Petit et al., 1999] .
[15] We derive three chronologies using the traditional approach of calculating Dage (gas age -ice age difference) for each control points (Table 4 ). The first of these (Pimienta/GT4) is simply based on the GT4 ice chronology [Petit et al., 1999] and the firn densification model of Pimienta [1987] that was used to generate the original GT4 gas chronology. The two inputs to this model are firn temperature and accumulation rate; both properties are estimated from dD of the ice, which constrains surface temperature. The second chronology (Goujon/GT4) is based on the GT4 timescale, the semimechanistic firn densification model of Arnaud et al. [2000] , and a thermal model of the firn [Goujon et al., 2003] . Firn temperatures are relevant because they influence the rate of snow metamorphism and, hence, the close-off depth. The third chronology (Goujon/ Parrenin Dage) differs from the second in that it is based on the ice chronology of Parrenin et al. [2004] . These authors modify the GT4 chronology by improving the thinning function of ice in the context of the upstream flow, and by decreasing the glacial accumulation rates. Both changes lead to important revisions in the chronologies. For each chronology, we calculate Dage at each gas age control depth to get an ice age at that depth. We then interpolate ages between control depths adopting the relative accumulation rates of the GT4 chronology.
[16] The GT4 chronology is based on a model of ice flow tuned to give ages consistent with deep sea sediment chronologies at depths of 1534 m (110 ka) and 3254 m (390 ka). The Pimienta densification model invokes empirical relationships between density, close-off depth, and mean annual temperature and accumulation. The firn model of Arnaud et al. [2000] interprets the empirical data in terms of mechanistic equations describing grain growth and densification. The thermal model of Goujon et al. [2003] recognizes the role of geothermal heat in warming firn and promoting densification. Finally, the ice flow model of Parrenin et al. [2004] takes into account the thickness of ice and the nature of basal topography along the flow path when evaluating how ice at Vostok is thinned with depth and age.
[17] We derive three additional chronologies using a new approach in which we calculate Ddepth (the current depth difference between a gas control point and its correlative ice depth). In each case, we adopt a value of 0.7 for the ratio of the height of the fully compacted ice column (density = 15 N values are corrected for thermal diffusion so that they represent the result of gravitational fractionation alone (the magnitude of this correction is order 0.02%). Surface temperature is taken from Petit et al. [1999] . The temperature gradient in the firn, which influences d 15 N because of thermal fractionation [Severinghaus et al., 2001] , is calculated by a newly constructed thermal model similar to that of Goujon et al. [2003] . The original close-off depth is calculated from d 15 N according to equation (1), given the surface temperature record inferred from dD of the ice. The current Ddepth value is calculated from the close-off depth, the compaction factor (0.7), and the thinning function . The second Ddepth chronology (d 15 N + 13 m) is identical, except there is assumed to be a convective zone of 13 m, the current condition at Vostok [Bender et al., 1994] . The third Ddepth chronology (Goujon/Parrenin Ddepth) calculates the close-off depth from the densification model of Arnaud et al. [2000] , the firn thermal model of Goujon et al. [2003] , and the ice chronology (including thinning function) of Parrenin et al. [2004] .
[18] The Goujon/Parrenin Dage chronology invokes the same gas control ages and gas trapping depths as the Goujon/Parrenin Ddepth chronology. These ice chronologies differ, however, because they use different approaches for deriving ice ages from each of the gas age control points. The Dage chronology adds Dage to calculate an ice age for each gas age control point. Dage depends on accumulation rate, which may be poorly known and therefore introduces considerable uncertainty. The Ddepth chronology subtracts the densified and thinned firn column from a gas depth to get the correlative ice depth. The degree of densification is well known and, at shallow depths, the thinning is generally small and accurately characterized. Deep in the core, however, thinning is extensive and less accurately known.
[19] Vostok ice originates along the Ridge B/Vostok ice flow line, and past variations in the ice thickness along this flow line affect the thinning function of ice that is now at the Vostok site. In the section of the Vostok core of interest here (last 100 ka), the thinning function varies between 0.8 and 1.0, and has recently been improved by taking into account bedrock topography upstream of Vostok . Still, there remain sources of uncertainty in this modeled thinning function. First, Parrenin et al. [2004] did not take into account the temporal variations in ice thickness, which have a significant impact on the thinning function. Second, Parrenin et al. [2004] assumed a path for the flow above Lake Vostok that does not coincide exactly with the path induced by examining isochronous layers [Tikku et al., 2004] . Third, it is not clear that the trajectory of the ice flow line has been stable in the past. Fourth, a mechanical model that is more complex than used by Parrenin et al. [2004] , and that takes into account the different mechanical properties of the ice from different time periods, might give different results. In total, we estimate that the uncertainty in the thinning function may not be better than ±0.1 for the upper $1500 m of the Vostok core that is relevant to this paper. In general, the Dage method may be preferable for the lower part of an ice core (where the ice is more thinned and the relative uncertainty in thinning function is higher), and the Ddepth approach may be better for the shallower part, where there is less thinning and use of the thinning function introduces less uncertainty.
Intercomparison of Chronologies
[20] For the purpose of evaluating our 6 chronologies, we define 19 depths in the Vostok core marked by local maxima or minima in dD (Figure 3) . Seventeen of these extrema correspond to events of the same direction and approximate age in the Byrd core (previously correlated to GISP2 by detailed CH 4 stratigraphy) [Blunier and Brook, 2001] , and we assume these events are synchronous. For each correlative event, we calculate the Vostok-Byrd age difference according to each of our Vostok chronologies Upper part of table shows chronologies based on gas age -ice age differences. Bottom part of table shows chronologies based on gas depth -ice depth differences. Ages are in ka (thousands of years before present). Figure 5 and Table 5 ). The differences, ideally zero, give a measure of the validity of the respective chronologies and the approaches used to derive them. They also give a useful way to intercompare the various Vostok chronologies.
[21] We start by intercomparing the three Vostok chronologies in which gas age -ice age differences are calculated from glaciological models. Ages of Vostok events calculated with the Goujon Dage values (Goujon/GT4) are, on average, slightly younger than ages calculated with Dage values from the densification model of Pimienta [1987] , used in the GT4 chronology of Petit et al. [1999] (Pimienta/GT4). The values can differ by up to 0.8 kyr at specific depths in the core. These differences of course reflect the different approaches used to calculate Dage. These variations are reflected in the Vostok-Byrd age differences calculated for the two chronologies. On average, there is very little difference in ages calculated using the GT4 close-off depths and those of Pimienta or Goujon. Ages calculated with the close-off depths (and accumulation rates) of Parrenin (Parrenin/Goujon) are older on average by 0.3 -0.4 kyr. The Vostok-Byrd comparison does not identify any of these three chronologies as superior. Parrenin/Goujon ages are older than Byrd by 0.1-0.2 kyr, while the other two chronologies are younger by 0.1-0.3 kyr (depending on which chronology and whether one excludes the comparison for event 18, which is poorly dated to ±0.8 kyr in Byrd). The standard deviations of Vostok-Byrd differences are similar, falling in the range of ±0.7 -0.9 kyr.
[22] We next intercompare the three Vostok chronologies derived on the basis of Ddepth differences. Calculating Ddepth from the glaciological model (Goujon/Parrenin Ddepth), rather than d 15 N (no convection zone), increases ice age by 1.5 -1.6 kyr. Compared with Byrd, ages of correlative events are 1.2 kyr older in Vostok when calculated using d 15 N and assuming no convective layer. This is the largest mean age difference between any Vostok chronology and Byrd, and we accordingly reject d 15 N alone as the basis for calculating Dage. Vostok ages are 0.6 kyr younger than Byrd when Ddepth is calculated using d 15 N and a 13 m convection depth, and 0.4 kyr older when calculated using the Ddepth derived from the glaciological model (Goujon/Parrenin Ddepth). Age differences show less variance with the glaciological Ddepth values (±0.5 -0.6 kyr) than with any other model.
[23] On the basis of this comparison, we believe that the methods of choice for transferring gas to ice chronologies are the Goujon/Parrenin Dage model and the Goujon/ Parrenin Ddepth model. Both invoke the glaciological model of Arnaud et al. [2000] , the firn air temperature model of Goujon et al. [2003] , and an appropriate chronology (that of Parrenin et al. [2004] in the case of Vostok). The Goujon/Parrenin Dage model includes more physical processes than Pimienta/GT4 or Goujon/GT4.
[24] With respect to the approaches using d 15 N, we judge the one based on d 15 N alone as unsatisfactory, because it gives a much larger difference between ages of Vostok and Byrd events than any other chronology. We downgrade the Ddepth approach based on d 15 N and a 13 m convection zone because there is no reason to believe that the modern convection zone thickness has always prevailed. Our results imply that the convection zones at sites of deep East Antarctic ice cores were indeed consistently of order 40 m during glacial times, as required to rationalize the difference between d
15 N values and close-off depths estimated by glaciological models [e.g., Sowers et al., 1992] .
[25] The underlying physics is similar for our two selected chronologies: each invokes the same glaciological model, thermal model, and chronology (including thinning function). However, as noted above, the chronology derived for the Dage approach is different from that for the Ddepth approach. The reason is that Dage depends strongly on accumulation rate and is independent of the thinning function, while Ddepth is only weakly dependent on accumulation rate but depends strongly on the thinning function. These distinctions lead to significantly different chronologies. The Dage chronology is preferable when accumulation rate is better constrained than the thinning function, whereas the Ddepth chronology is preferable when thinning rate is better constrained.
[26] Finally, we note that there are sometimes systematic changes among all chronologies in Vostok-Byrd age differences for some events. For example, for all chronologies, Figure 5 . Vostok-Byrd age differences at comparison points for the various chronologies. Pimienta/GT4 refers to the original chronology of Petit et al. [1999] . Other chronologies are summarized in Table 3. the age difference between Vostok and Byrd is greater for event 3 than for events 2 and 4. Such systematic differences could be due to errors in correlations of the isotopic temperature records between Byrd and Vostok, to errors in the gas age control points established between Vostok, Byrd, and GISP2, or to errors in the interpolations between gas age control points. These uncertainties represent fundamental limitations to our approach and prevent us from validating a delta age method to better than about ±1.0 kyr.
Summary and Conclusions
[27] We have presented two new firn air profiles of d 15 N of N 2 , and used these results, together with data in the literature, to assess the likelihood for deep convection in the firn that would attenuate the normal gravitational enrichments. The 103 new analyses of CH 4 in the Vostok ice core, together with existing data from the literature, lead to a new Vostok timescale for the gas records that is more accurately correlated with GISP2.
[28] Ice chronologies, calculated from gas chronologies on the basis of different assumptions, lead to ages for Vostok climate events that can be compared with ages of correlative events in the Byrd core. We conclude that d 15 N seriously underestimates the close-off depth of glacial Vostok ice, presumably because of deep convection. Kawamura and Severinghaus [2005] recently discovered that, at the Megadunes Site, Antarctica, low d
15 N values are associated with deep cracks in the ice. Their result lends plausibility to our conclusion and suggests a mechanism for deep convection. Our leading chronologies are both based on the Arnaud et al. [2000] firn densification model, calculated values of temperature versus depth in the firn [Goujon et al., 2003] , and the Vostok accumulation rate or thinning function Ages are in ka (thousands of years before present), and age differences are in kyr. Depths are in meters. SD, standard deviation; RMS, root-mean-square.
of Parrenin et al. [2004] . The uncertainty in the Vostok gas age -ice age difference is still $1 kyr, complicating an accurate assessment of climate phasing between Greenland and East Antarctica during the last ice age. Our analysis should be repeated for deep East Antarctic ice cores drilled on domes. Uncertainties may be smaller at such sites because, relative to Vostok, the thinning function and perhaps other glaciological properties are better constrained.
